Time-reversal breaking topological superconductors are new states of matter which can support Majorana zero modes at the edge. In this paper, we propose a new realization of one-dimensional topological superconductivity and Majorana zero modes. The proposed system consists of a monolayer of transition metal dichalcogenides MX2 (M=Mo, W; X=S, Se) on top of a superconducting substrate. Based on first-principles calculations, we show that a zigzag edge of the monolayer MX2 terminated by metal atom M has edge states with strong spin-orbit coupling and spontaneous magnetization. By proximity coupling with a superconducting substrate, topological superconductivity can be induced at such an edge. We propose NbS2 as a natural choice of substrate, and estimate the proximity induced superconducting gap based on first-principles calculation and low energy effective model. As an experimental consequence of our theory, we predict that Majorana zero modes can be detected at the 120
Introduction.-In recent years, topological insulators (TI) and topological superconductors (TSC) have been discovered in different dimensions and symmetry classes [1] [2] [3] . In particular, time-reversal breaking TSC are proposed in one or two dimensions (1D or 2D) [4, 5] . One important motivation to study TSC is that they can realize Majorana zero modes at the edge (for 1D) or vortex core (for 2D). A Majorana zero mode is half of an ordinary fermion zero mode, which carries nonlocal degrees of freedom and makes the TSC system a candidate for topological quantum computation [6] . Recently, many theoretical proposals have been made for the realization of Majorana zero modes [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . (For a recent review, see Ref. [17] .) In particular, it has been proposed that a nanowire in proximity to an s-wave superconductor, with spin-orbit coupling (SOC) and magnetic field, can realize the 1D TSC phase [9, 10] . Recently, significant experimental progress has been made towards the realization of this proposal [18] [19] [20] [21] [22] [23] , although the interpretation of the experimental results has not been completely settled.
In this paper, we propose to realize topological superconductivity and Majorana zero modes in a new family of materials, the monolayer transition metal dichalcogenides MX 2 (M=Mo, W; X=S, Se) in proximity with a conventional superconductor. Based on ab initio calculations, we predict that a particular edge of this material (as will be explained below) has 1D edge states with strong Rashba SOC and spontaneous magnetization. At a suitable Fermi level, the interplay of SOC and magnetization creates a 1D system with a single pair of Fermi points, so that the proximity effect with an s-wave superconductor will induce a TSC. Compared to previous nanowire proposals, our proposal has several advantages. Firstly, this proposal is simpler to realize since it does not require creating a nanowire. The 1D state is given automatically at the edge of single layer MX 2 . Secondly, due to the spontaneous magnetization of the edge state, no external magnetic field is needed. Thirdly, superconductors NbS 2 and NbSe 2 (with p6 3 /mmc symmetry) have the same structure as the MX 2 semiconductors and similar lattice constants, which indicates that a relatively strong proximity coupling could be induced between them. We investigate different materials in this family and find that the optimal combination is MoS 2 monolayer on the substrate of NbS 2 superconductor. To verify our proposal experimentally, we propose that a single Majorana zero mode can be found at a 120
• corner of a MoS 2 ribbon.
First-principles calculation on MX 2 nanoribbons.-The existence of 1D metallic edge states on the S-terminated zigzag edge MoS 2 has been well confirmed by experiments and density functional theory (DFT) calculations [24] [25] [26] [27] [28] . Encouraged by the successful experimental observation, an explosion of theoretical studies on MoS 2 has occurred, leading to discoveries of interesting electronic and magnetic properties on several edge structures. Recently, Pan et al find that the ferromagnetic states of the MoS 2 zigzag nanoribbons can be enhanced by hydrogen saturation [27] , as well as in-plane electric field [28] . On the other hand, due to the absence of inversion symmetry, Rashba type SOC naturally exists in the edge states. The interplay of magnetization and Rashba SOC lifts the spin degeneracy and can lead to a single pair of Fermi points. Therefore, the zigzag nanoribbons of monolayer MX 2 may become ideal candidates of 1D TSC when it is in proximity with an s-wave superconductor. In the following we will investigate several different edge conditions by ab initio calculation to search for the ideal edge states for our purpose. Our first-principles calculations are carried out by the Vienna Ab-initio Simulation Package (VASP) [29, 30] within the framework density functional theory [31] . We use the generalized gradient approximation (GGA) of Perdew-Burke-Ernzerhof type [32] for the exchangecorrelation potential. The kinetic energy cutoff is fixed to 450 eV. 2×16×1 k-mesh is used for monolayer nanoribbon calculations. The lattice constants and atomic positions are fully optimized, in which the maximal force at an ion is smaller than 0.01 eV/Å. Based on previous studies [27] , we consider three types of nanoribbons as is shown in Fig. 1(a-c) . The first one ( Fig. 1 (a) ) labeled by zz-MX has two edges terminated by M and X atoms respectively. The second one ( Fig. 1 (b) ) labeled by zz-M is terminated by M atoms for both edges. The third one (Fig 1. (c) ) labeled by zz-X is terminated by X atoms for both edges. In order to simulate the more realistic and stable boundaries [33] , hydrogen saturation are considered by adding two hydrogen atoms to the M atoms and one hydrogen atom to the X atoms at the edges, as is shown in Fig. 1(d) and Fig. 1 
(e).
We start by studying the band structure of freestanding nanoribbons. First, we carry out spin-polarized calculations without including SOC, to check the electronic and magnetic properties of all three types of zigzag nanoribbons. In this case, all the transition metal dichalcogenides are very similar. Here we show band structures of MoS 2 in Fig. 2 For zz-S case, there is not only Mo d orbital bands but also a spin degenerate p orbital band of S crossing the E f . Due to the insulating block between two edges, the two edge states can be considered as decoupled. Therefore the band structures in Fig. 2 suggests that both edges of zz-MoS ribbon or the right edge of zz-S ribbon are good candidates of simple 1D channels. However, the magnetic splitting for zz-S ribbon is always smaller than 0.1 µ B /M for all four transition metal dichalcogenides MX 2 , and will be further reduced when SOC effect are considered. Therefore, we will focus on the zz-MX ribbon in the following, which exhibits sufficient magnetization and a simple edge band structure. Now we carry fully relativistic calculations, to study the influence of SOC on the electronic and magnetic properties. We calculate three different configurations with moments along x, y (in-plane) and z directions (out-ofplane) for all four transition metal dichalcogenides, and find that the two in-plane cases have the same energy gains, magnetic moments and the electronic structures, while there is strong anisotropy between the in-plane and out-plane directions. For MoS 2 , the in-plane polarization is 0.4 meV lower in energy than the out-of-plane configuration. In contrast, for WS 2 the in-plane energy is 7.6 meV higher than that of out-of-plane. For the diselenides MoSe 2 and WSe 2 , the system always prefer an out-of-plane magnetization, and the calculation never converges to an in-plane configurations. Such difference between sulfides and selenides can be understood as a consequence of the competition between ferromagnetism and SOC.
As will be analyzed more carefully in the later part of the article, the free-standing monolayer of MX 2 has a reflection symmetry according to the xy plane, which preserves the M layer and exchanges the two X layers. To preserve this symmetry, the Rashba spin splitting has to occur along z direction, where z spin components of two states at momenta k and −k along the edge should be opposite. In contrast to the out-of-plane magnetization that does not open a gap, the in-plane magnetization breaks the reflection symmetry and thus leads to a gap opening at Γ point. For the search of topological superconductivity, it is necessary to gap the bands near Γ point, in order for a single pair of Fermi points to occur. Therefore MoS 2 is the best candidate material, which has in-plane magnetization as the lowest energy configuration. In principle it is possible to have WS 2 and apply an in-plane magnetic field to rotate the magnetization to in-plane directions, but this only applies if the superconductor that is in proximity with the nanoribbon has a large enough pairing gap. The band structure of MoS 2 with SOC is shown in Fig. 3(a) , from which (marked in Fig. 3(a) ) and list them in Table  I . For the S-terminated edge, less than 1% spin components remain antiparallel as a result of strong magnetic splitting and weak SOC of the S-p orbitals, which makes it hard to induce superconductivity by proximity effect at this edge. In contrast, for the Mo-terminated edge, besides the parallel moments along x-direction yielded by ferromagnetic requirement, about 35% spin components along z-direction are arranged antiparallel as a results of Rashba effect. These sizable opposite spin components would make the proximity effect with an s-wave superconductor much easier than the S-terminated edge. In the following, we will study the proximity effect of this Mo-terminated edge with superconductors.
To induce the TSC phase, the MoS 2 nanoribbon needs to be coupled with an s-wave superconductor. A natural choice is NbS 2 (with T c = 6.5 K), which has the same structure as MoS 2 . The in-plane lattice of NbS 2 is 3.364Å [34] , a little lager than that of MoS 2 3.188 A [35] . Due to the weak van der Waals interactions between neighboring layers, it should be possible to fabricate this device experimentally even with 5% lattice mismatching. To eliminate the artificial electric field along z direction, we study a centrosymmetric heterostructure of MoS 2 nanoribbon and NbS 2 , as is shown in Fig. 1 (f) . Periodic boundary condition is taken for the NbS 2 layers in the x, y directions. Comparing to the free-standing MoS 2 ribbon, the energy of the in-plane polarization is enhanced to 3.7 meV lower than the out-of-plane configuration for such heterostructure. The calculated band structures are shown in Fig. 3(b) . Compared to that of the free-standing MoS 2 ribbon in Fig. 3 (a) , the edge state band structure changes very little. This result confirms that the coupling with metallic NbS 2 does not change the edge state bandstructure qualitatively, due to the weak Van der Waals interactions. The main difference of Fig. 3 (b) and Fig. 3 (a) is that a series of bands of NbS 2 appear from -0.5 ∼ 0.7eV, which cross the MoS 2 's edge states at Fermi level with very small hybridization shown in the inset of Fig. 3 (b) . This hybridization, although small, is essential for inducing superconducting proximity effect.
Effective model description.-To understand the superconducting proximity effect more quantitatively, we introduce an effective model to describe the Mo-terminated zigzag edge coupled with the superconductor substrate. We start by a symmetry analysis of the nanoribbon. MoS 2 has a layered crystal structure with space group p6 3 /mmc. The zigzag edge along y-direction breaks the symmetry to C 2v , which consists of a two-fold rotation C 2 around x-axis and a mirror operation σ d : z → −z where z is normal to the film. In the nonmagnetic state, the edge state Hamiltonian H 0 (k) is symmetric under C 2 , σ d and time reversal T . In these symmetry operations the momentum and spin transform as follows:
These constraints together requires H 0 to have the form of H 0 (k) = ǫ 0 (k) + ǫ z (k)σ z . Adding the exchange splitting term due to the magnetic moment along x-axis, we obtain the following effective Hamiltonian up to fourth order of the momentum:
where ǫ 0 (k) = α 1 k 2 + α 2 k 4 . By fitting the energy band dispersion with the result of ab initio calculation, we obtain the parameters α 1 = −88.25 eV·Å 2 , α 2 = 1.61 × 10 4 eV·Å 4 , β 1 = 3.205 eV·Å, β 2 = −7.232 × 10 2 eV·Å 3 , γ = 0.43 eV/µ B and m = 0.29µ B . Now we consider the proximity effect between this 1D edge state and a 2D s-wave superconductor (SC). The effective Hamiltonian of the coupled system can be written as
with
f kσ ′ that of the edge state, and H t = k,σ (t k f † kσ c kσ +H.c.) the coupling term. Note that the spin quantization axis is along the z direction and k is the zigzag edge projection of k = (k x , k). This model provides a minimal model for the SC proximity effect. For simplicity we only consider the spin-conserving hopping with constant amplitude t k = t. From the first-principles calculations shown in Fig. 3 (b) , one can estimate the • corner traps a Majorana zero mode (blue disk).
hopping amplitude from the avoid crossing between edge state and NbS 2 bulk states as t ≈ 22.1 meV.
For our purpose we are interested in the case when the edge state Fermi level only crosses the lower band, as is shown in Fig. 3 . The pairing at the Fermi surface is given by ξ
Both c k↑ and c k↓ could hop to ǫ − band, with the hopping amplitude t k,↑ = a k t and t k,↓ = b k t, respectively. The estimated value of t is much larger than ∆ in the SC, in which case the proximity induced gap can be estimated by [16] 
Here η k = t k,↑ t −k,↓ − t k,↓ t −k,↑ ∆/2E k , E k = ∆ 2 + (ǫ ′ k − µ ′ ) 2 , ... kx is averaging over k x , and k y is taken to be the momentum at the Fermi surface. With NbS 2 SC gap 6.5 K, we estimate ∆ 1D k ≈ 1.47 K which is observable experimentally.
Experimental proposal.-To verify our proposal, we would like to propose an experimental consequence that is simple to measure. We consider a MoS 2 flake on top of the superconducting substrate, as is shown in Fig. 4 . Due to the crystal symmetry, a corner on such a flake can naturally have a 120
• angle. From the crystal structure (see also Fig. 1 (d) ) one can see that a Mo-terminated zigzag edge is always adjacent to a S-terminated zigzag edge at a 120
• corner. Since we have discussed that the Sterminated edge is almost fully spin-polarized and cannot be coupled to the s-wave superconductor, we conclude that every corner of the MX 2 monolayer with an angle of 120
• is a boundary between TSC and trivial s-wave superconductors, if the Mo-terminated edge is brought to the topological superconducting phase. Therefore one expects to see a Majorana zero mode at each such corner, which can be easily verified by scanning tunneling microscope (STM) or transport measurements. The Ma-jorana nature of the zero mode can be further verified by comparing 120
• corner with 60
• corner. The latter is a border between two topologically equivalent superconductors, which does not have a Majorana zero mode.
